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ABSTRACT 
The self-excited  oscillation of planar jet   Impingement on a 
wedge produces not  one,   but  as  many as  seven discrete  frequency 
components.     All   of these components  result from  the nonlinear 
interaction  of the most  unstable frequency component   3 and  the   low 
frequency modulating  component   8/3. 
In  Stage  I,   the   instability of the  free shear   layer and  the 
induced eruption of  the viscous   layer on  the wedge  produce a  counter- 
rotating vortex pair at a frequency 0/3.     These counter-rotating 
vortices   interact  further downstream to produce   large  scale   low 
frequency vortices.     When the  Reynolds  number  is   increased  to give 
a  Stage II   type of oscillation,   the details of  the  vortex   interaction 
pattern vary  significantly.     Although  the frequency of shedding   is 
at   the most   unstable  frequency  of the  shear  layer   6,   a  remarkable 
readjustment of the   interaction  pattern maintains   the  low frequency 
component  8/3.     This   low frequency component  corresponds  to an 
eventual  merging of vortices  downstream of the  leading edge  that 
produces an  effective  frequency  of  3/3.     At  the wedge,   the   inter- 
action pattern causes  a  pressure  feedback  that   is   sent upstream to 
the  sensitive  region  of  the jet   shear  layer.     Consequently,   the   linear 
growth  region,   near  the   nozzle,    is dominated by  the  8/3 modulating 
frequency component,   which eventually gives way  to  the most  unstable 
frequency component  6. 
INTRODUCTION 
It is well known that large coherent structures result from the 
interaction of a free shear layer with an edge.  This interaction, 
known as the edgetone, has been the subject of much controversy. 
Powell (1961) carried out the first comprehensive investigation of 
edgetones.  More recent work includes Stegen and Karamcheti (1970) 
and Rockwell (1983)*  As an overview of what is currently understood 
about edgetones, consider Figure 3a.  In this figure, a jet stream 
is expelled from a rectangular nozzle into quiescent fluid. When 
the jet separates from its nozzle, a free boundary layer exists; 
it gives rise to an instability of the jet shear layer.  This 
instability is due to an inflection point in the mean velocity 
profile. The instability of the shear layer is amplified as a 
downstream traveling wave, until it impinges on the wedge. At the 
Interaction region, where the jet shear layer impinges on the edge, 
free vortices are shed.  These vortices of the counter-rotating 
type are TT out-of-phase with respect to the centerline.  This vortex 
interaction at the wedge produces a pressure field.  The pressure 
field is fed back to the sensitive region of the jet stem, where it 
is converted into velocity fluctuations that amplify in the.shear 
layer. Thus, the oscillation is globally organized by the instability 
of the free shear layer in conjunction with a disturbance feedback. 
The experiments of Powell (I96I) and Karamcheti (1970) differ 
in that Powell used far field pressure measurements and Karamcheti 
considered near field hot wire measurements.  Both Powell and 
Karamcheti observed frequency jumps and hysteresis regions for 
increasing and decreasing Reynolds number. The arrows illustrate 
(see Figure 3b) a transition from Stage I to Stage II type 
oscillation for increasing Reynolds number, and a transition from a 
Stage II to Stage I for decreasing Reynolds number. The enclosed 
loop, indicated on the figure, is the reported hysteresis region. 
The Powell and Karamcheti data differ sinee Powel1 reports only a 
single predominant frequency component; on the other hand Karamcheti 
reports a continuation of the Stage I subharmonic in Stage II. 
Powell (1961) speculates on possible sources of this secondary 
frequency component; however, he notes that the frequencies of the 
predominant and secondary components would be dissonantly related 
and the amplitude of Stage I in Stage II would rapidly diminish as 
Stage II amplitude would increase.  Indeed there may exist only a 
single predominant frequency component in the far field; but due to 
the nonlinearity of the shear layer oscillation, it is anticipated 
that harmonics of the predominant component are also present in the 
near field. The amplitude of these components exchange energy and 
influence the energy transfer as the stream evolves. 
Herein, we address the crucial aspects in understanding the 
mechanisms of the jet oscillation.  The first aspect is detailed 
visualization of the vortex interaction at the wedge including 
production of vortices from the severing of the shear layer.  In 
addition we consider visualization of merging vortex structures down- 
stream of the leading edge, and the resultant pressure feedback at 
the orifice from the merging of these vortex structures. Next the 
spectral evolution of the jet is considered, and the exchange of 
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energy between the predominant frequency cqmponents, as the Reynolds 
number is increased then decreased.  Finally, we examine the growth 
in amplitude of the primary fluctuating components from the time the 
jet leaves the orifice until it impinges on the wedge. 
EXPERIMENTAL SYSTEM AND TECHNIQUES 
Test Section 
The experimental apparatus, depicted in Figure 1, consists of a 
planar jet and a wedge inserted into a recirculating water tunnel. 
The flow in this diagram is from left to right.  The test section, 
constructed out of brass and plexiglass, is a rigid structure that 
will not exhibit its own harmonics due to flow-induced oscillation. 
The length of the two parallel sections of the nozzle to the width 
of the jet slit w is 68.  This ratio has been chosen to ensure a 
fully developed flow at the nozzle exit and was later verified using 
the laser. The flow structure in the near region of the jet is two- 
dimensional. This property was ensured by employing a breadth to 
width ratio of the jet of hS.     To minimize effects from the upper and 
lower bounding walls of the test section, the ratio of the height h 
to the slit width w is 72. All experiments were conducted with an 
impingement length L to nozzle width w of L/w = 7.5. Also shown in 
the figure is a plexiglass cover plate and foam inserts. 
With the test section inserted into the water tunnel, the 
operating range of the pump produced parasitic resonance effects. 
Its blade passing frequency was of the same order of magnitude as 
the most unstable frequency f3 of the shear layer.  Due to insertion 
of the nozzle exit, the reduction of the flow cross-sectional area 
k 
caused the pump to operate at relatively low speeds for the Reynolds 
number range of interest. The problem was resolved by significantly 
decreasing the flow area at the inlet and exit of the pump. Two 
PVC plates with 1/V holes were installed at the inlet and exit of 
the pump. The number of holes drilled into the plates was carefully 
chosen so that the frequency range of the pump was well out of range 
of the shear layers most unstable frequency. 
Figure 2 is a plot of Strouhal number versus increasing Reynolds 
number, prior to the insertion of the PVC plates. The plot also 
includes the blade passing frequency for the uncorrected pump. The 
location of the laser measuring volume is at (2/3)L from the nozzle- 
exit along the centerline of the jet.  Only two predominant frequency 
components for u are considered here. These components are the 
fundamental 3/3 and the second harmonic 23/3•  The plot illustrates 
that both of these frequency components are modulated by the blade 
passing frequency.  Considering the Reynolds number range 250 < Re < 
450, both components exhibit a sharp increase In frequency. At this 
Reynolds number range a frequency jump from 3/3 to 8 is anticipated 
for the fundamental component.  Powell (1961) documents this jump to 
occur at Re = Wo.  It is evident from this plot that this transition 
does not occur, and 3/3 remains the fundamental component up to 
Re = 900.  At Reynolds number greater than 600, the 3/3 component is 
superimposed on the blade passing frequency.  Thus, thesuperposition 
of these two components inhibits the unbiased development of the free 
shear layer and the jet continues to remain in a Stage I type 
osci1lat ion. 
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In addition, a parasitic resonance effect was observed in the 
form of a U-tube resonance between the upstream and downstream plenum 
tanks and the free surface resonance in the main test section.  The 
U-tube resonance and most of the free stream resonance was eliminated 
by the insertion of 8" thick foam at the upstream and downstream 
section of the channel (see Figure 1).  To ensure the elimination of 
free stream resonance, a plexiglass cover plate was constructed to 
cover the entire surface of the main test section.  In order to 
verify that parasitic resonance was minimized, hot film measurements 
were made at the exit of the jet.  The resulting fluctuation levels 
lay below the noise threshold of the anemometry system which is u/U = 
io-\ 
Visualization 
Vortex impingement upon the wedge was visualized using a dye 
injection technique.  Food coloring was injected at two locations. 
First, dye was injected into the plenum region upstream of the nozzle 
exit.  Second, dye was laid on the upper nozzle Up in the main test 
section. An Instar dual camera television system having vertical and 
horizontal sweep frequencies of 120 Hz and 25.2 Hz respectively, was 
used to record the continuously generated streaklines. At a framing 
rate of 120 frames per second and a resolution of 250 lines, the 
recording had an uncertainty due to the finite time between frames 
of ±0.1%.  Polaroid photos V x 5" were then taken of the desired 
frames to show the essential features of the oscillation. 
Velocity Measurements 
Velocity measurements were made using an LDA system and a MINC 
mini-computer. The LDA system,consisting of a TSI 9100-6, is a 
single channel Argon-ion laser system.  Since the optical components 
are capable of rotating, both u and v velocity components were 
measured.  The accuracy of the velocity measurements, determined 
by using a rotating disk, was found to be ±2%.     The MINC mini- 
computer, which is essentially a LSI 11-03, computed both real time 
velocity measurements and spectral analysis.  The mini-computer, 
with the aid of a parallel bit interface from the counter type 
processor, was used to measure the mean velocity component.  This 
provided accurate determination of the Reynolds number. With use 
of an analog output from the signal processor, the fluctuating 
velocity components were analyzed by a spectral analysis program. 
The spectrum program calculated approximately 75 oscillation cycles, 
ensemble-averaged (over 5 independent spectra) for improved statisti- 
cal validity. 
INSTRUMENTATION OVERVIEW 
Introduction 
Velocity measurements are obtained by a laser Doppler anemometer 
system and are computed using a LSI 11-03. The laser system is 
composed of a Lexel 2-Watt Argon-ion laser, TSI optics and a TSi I98O 
counter processor. The I980 processor is interfaced to the LSI 11-03 
processor using three separate techniques. The LSI 11-03 peripherals 
include a VT-125 terminal with enhanced graphics, a dot matrix printer, 
a ten mega-byte disk drive, and two floppy disk drives.  In addition 
the LSI 11-03 is interfaced by a hardwire with a VAX-11 permitting 
ful 1 computational power of a main frame computer. Also the LSI 
11-03 is interfaced to a stepping motor which controls positioning 
of a laser table and movement of the upper portion of the jet nozzle. 
Thus, the LSI 11-03 is the centric for information exchange from 
the laser system to any specified peripheral device. 
Laser 
The Argon ion (single line) laser is manufactured by lexel 
(Model number 95_2).  A single line laser is a laser that permits 
only one wavelength to produce lasing.  Our laser is currently 
tuned for the 51^-5 nm wavelength. The rated output power at this 
wavelength is approximately 800 mW.  One of two tuneable features of 
the Lexel laser is the temperature controlled Etalon. This device 
provides an extremely stable frequency bandwidth.  The second tuneable 
device is the prism, which is located at the rear of the plasma tube. 
These two features used simultaneously allow the user to select a 
single line of laser light. 
The laser transverse power distribution has been configured for 
the Gaussian mode.  This mode results in the smallest beam diameter 
when focused by the collimator. An additional advantage, resulting 
from the Gaussian mode, is the increased power per area. The 
difficulty with our transverse power distribution is the appearance 
of fringes. These fringes, resulting from a scratch in the prism, 
distort the intensity distribution. The temporary solution to the 
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problem was to slide the prism about a 1/2 inch, with the intention of 
preventing the higher intensity portions of the beam from passing 
through the scratch. 
The laser power controls permit two modes of operation, current 
control and light control.  In current control mode, a constant current 
is selectable at the power supply.  The current control circuitry 
holds the current at the precise level selected.  In the light control 
mode, the desired lasing power is selected and the current is 
automatically adjusted.  Under this type of control, a photo eel 1 
located at the output of the laser is used in a feedback loop to 
stabilize the power of the laser. 
Optics 
The TSi optics (system 9100-6) promote an optimum signal-to- 
noise ratio for a single channel backscatter LDV system. The system 
components responsible for superior signal-to-nolse ratio of 500 are 
the high power laser, Bragg cell, field stop, and beam expander. 
The importance of the signal quality is ultimately reflected in the 
accuracy of velocity measurements. 
The optics, beginning with the beam collimator, are sequentially 
addressed. The collimator function is to ensure a uniform waist along 
the axial direction of the laser beam.  Following the beam collimator, 
the beam is redirected by mirrors, polarized,and then split into two 
parallel beams of equal intensity. The plane of polarization is 
orientated perpendicular to the plane of the two split beams. After 
the beams have been split, one of the two beams passes through the 
Bragg cell.  The cell, driven by a *tO MHz signal, permits the 
measurement of negative flow.  Next the two parallel beams pass 
unobstructed through the receiving optics; the beams expand 
through the beam expander and cross at the focal point of a ^50 mm 
lens. The beam expander increases the signal-to-noise ratio by 
expanding the beam's diameter and the distance between the two beams. 
The beam expander which is 17.8 cm in diameter is also an effective 
collecting optics for the backscattered light.  The receiving optics 
are located between the Bragg cell and the beam expander. These optics 
are focused to optimize the transmission of scattered light from the 
measuring volume to the photomultip]ier tube. 
1980 Processor 
The input conditioner is the first of five modules.  Its input 
signal originates from the photomultiplier tube.  It consists of a 
burst on a D.C. level and high frequency noise.  Initially the signal 
is filtered by a bandpass filter. The high pass filter removes the 
D.C. level, causing the signal to be symmetrical about ground.  The 
low pass filter eliminates the extraneous noise. After the signal is 
filtered and amplified, a Schmitt trigger converts the cycles in a 
burst to a square wave.  Each burst will have a corresponding envelope 
of pulses as a result of the Schmitt trigger. The length of an 
envelope is determined by the number of pulses and the time between 
a pulse. The I98O processor provides two techniques to determine the 
length of an envelope. These settings are the N cycle mode and the 
total burst mode.  If the N cycle mode is selected, the number of 
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pulses in an envelope is specified.  In the total burst mode, the 
number of cycles in an envelope is determined by the number of 
consecutive times the filtered signal exceeds the hysteresis level 
of the Schmitt trigger.  Thus, in the total burst mode, the number 
of pulses per envelope and the length of the envelope will vary for 
each burst. 
The input conditioner performs two additional functions.  The 
first is to provide an envelope for the timer that corresponds to 
N/2 cycles. The second function is the rejection of large burst 
amplitudes. The amplitude above which rejection occurs is selected 
by the amplitude limit potentiometer. This feature will eliminate 
large unwanted bursts, that would ultimately cause error in the 
velocity measurements. 
The function of the timer is to measure the length of the 
envelope for both N and N/2 cycles.  This measurement is accomplished 
by gating a high speed clock into a counter. After the length of 
both the envelopes has been determined, the timer performs a division 
on the length of the envelope corresponding to N cycles and compares 
that with the length of the envelope corresponding to N/2 cycles. 
This essentially works as a digital filter, rejecting long envelope 
t imes. 
Readout provisions on the timer include digital and analog 
output. The envelope length, represented as a 16 bit word, consists 
of a 12 bit mantissa and a h  bit exponent.  The exponent can be 
specified on the timer as either fixed (manual mode) or changing 
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(auto mode).  The number of cycles which has been specified in the 
N cycle mode>or counted by the timer in the total burst mode, is 
represented as an 8 bit word.  Both the envelope length and the 
number of cycles are available at the digital output port, and can 
be transferred to a computer by means of this port. The monitor 
output is an analog version of the envelope length.  It is a D/A 
conversion of the upper 10 bits of the 12 bit mantissa and, therefore, 
only meaningful in the manual mode where the exponent is fixed. 
The digital display module provides a visual display of the 
velocity and the data rate.  The velocity display is essentially a 
four and one-half segment digital voltmeter, but when calibrated it 
will display the velocity. The data rate display is a frequency 
counter for data ready pulses.  It displays the number of valid data 
points per interval of time, the time interval resolution being a 
selectable feature on the data display module. , - 
The analog time output module provides an accurate signal 
proportional to the Doppler frequency.  The analog signal is a D/A 
conversion of the 12 bit mantissa. Hence, it is only useful when 
operating the signal processor in both the N cycle mode and the 
manual mode.  The transfer function X is the proportionality constant. 
The frequency of the burst is obtained when X is multiplied by the 
analog signal.  A table of values for the transfer function is 
provided in the reference manual. 
The 1998 digital interface master transfers data in a parallel 
format, from the 1980 processor to the LSI 11-03. The data is 
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transferred directly from the processor to the memory of the computer. 
This is accomplished by a DRV11-B controller board that takes control 
from the CPU and transfers data directly to memory.  For a signal 
velocity measurement, three 16 bit words are transferred to the 
computer.  The information contained in the data transfer is the num- 
ber of data cycles, the length of the envelope, and the time between 
data points.  The advantage in using the data interface master is the 
high transmission speed and the avoidance of A/D or D/A conversions. 
Interfacing 
The LSI 11-03 is interfaced to the I98O processor through the 
digital data connector. The digital data connector, located on the 
timer, transfers the mantissa and exponent to the MNCDI MINC module. 
The data ready pulse pin 21, on the timer, is used to strobe the data 
line. The pulse width must be elongated to satisfy the strobe 
criteria of the MNCDI MINC module.  Using a retriggerable monostable 
multivibrator, the pulse width was stretched to 1.08 micro sec. 
The significant drawback of this communication link is the slow 
transmission time.  It is for this reason that this technique was not 
used for data acquisition. 
An analog signai from the analog output module passes through a 
high pass filter, then the MNCAD module.  For a fluctuating flow, the 
analog signal is composed of D.C. and fluctuating components.  The 
fluctuating component consists of discrete segments of D.C. levels. 
Each D.C. level is proportional to the velocity at the instant the 
particle passes through the measuring volume.  The length of the D.C. 
level is the time between successive particles.  If we assume that 
the inverse of the data rate is a representation as to the length of 
the D.C. level, then the data rate must be an order of magnitude 
greater than the velocity fluctuation in order to obtain a continuous 
signal.  This signal is then filtered by the Krohn-Hite model 3700 
bandpass filter. The purpose of the filter is to remove the D.C. 
level corresponding to the mean velocity component.  Finally the 
fluctuating signal is sampled at the MNCAD module, where the interval 
of sampling is arbitrarily selected. 
The unwelcome error resulting from this technique is prevailed 
by its simplicity. The inaccuracy results from D/A and A/D conversion 
at the analog output module and the MNCAD module respectively.  This 
technique also neglects the effects of velocity biasing.  The advantage 
is that the fast Fourier transform (FFT) is not preceded by an auto- 
correlation algorithm.  Since the FFT algorithm requires equal time 
intervals of sampling, a direct digital transaction of data to the 
LSI 11-03 must be massaged by an autocorrelation algorithm to correct 
for unequal time intervals. Although the autocorrelation algorithm 
corrects for velocity biasing, its impracticabi1ity results from a 
vast number of iterative calculations. 
EXPERIMENTAL RESULTS:  OVERVIEW 
Figure 4a is an illustration of a Stage I type oscillation.  A 
Stage I oscillation occurs at a relatively low Reynolds number. When 
the amplified downstream traveling wave impinges on the wedge, 
counter-rotating vortices are produced at a frequency designated as 
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3/3. The vortices of opposite sense arise from severing of the 
shear layer at the leading edge. These vortices produce a pressure 
field that is fed upstream to the sensitive region of the jet and 
eventually are swept downstream. The pressure feedback modulates 
the shear layer near separation at 3/3 and produces a downstream 
instability wave at 3/3. 
Figure hb   illustrates a Stage II oscillation.  Whereas Stage I 
has only one predominant frequency 3/3, Stage II has both 0/3 and 
3 as primary components.  As before, the downstream traveling wave 
impinges on the wedge and produces counter-rotating vortices. 
However, the frequency of the unstable shear layer and consequently 
that of vortex formation is now at frequency 3.  The vortex patterns 
differ from those of Stage I in that there is an eventual merging 
of successive vortices at the edge producing an effective frequency 
of 3/3.  Of course both 3 and 3/3 produce an upstream influence at 
the orifice, and modulate the shear layer.  But in addition to these 
two primary components there may exist many other harmonic components. 
All of these components contribute to the upstream influence that 
modulates the shear layer. 
Furthermore, it was observed that increasing the Reynolds number 
caused the coalescence of vortices to move upstream.  Thus, with 
increasing Reynolds number, the merging of downstream vortices 
becomes increasingly significant as an upstream influence. 
Figure kc  is a plot of disturbance growth rate -a.   as a function 
of ui for a planar jet (see Bajaj and Garg (1977))- This is the 
result from inviscid spatial stability theory, for a symmetrical 
15 
disturbance.  Both of these curves result from utilizing Sato's 
(1960) modified velocity profile. The short dashed curve is a 
Gaster transformation from temporal stability theory, using Sato's 
results, and the long dashed curve is the result from spatial 
stability theory. Not included on this figure are the anti- 
symmetrical disturbances. The growth rate for an antisymmetrical 
disturbance is less than that corresponding to a symmetrical 
disturbance, hence the latter dominates.  Installation of the wedge 
enhances the feedback and establishes the phase criterion necessary 
to sustain the most amplified disturbance, namely the symmetrical 
disturbance.  Also included in the figure are the experimentally 
observed frequency components 3/3, B, and 53/3, where 3 is close 
to the most amplified disturbance; however, 3/3 and 53/3 undergo 
a substantial amplification as well. 
All of these aspects will be discussed in combination with the 
experimental results.  First we will consider visualization at three 
selected Reynolds numbers, followed by instantaneous velocity traces. 
Then we will discuss time-averaged data along streamwise coordinates 
in order to enhance our conceptual understanding of edgetones. 
VISUALIZATION 
Figures 5a, b, and c show the vortex interaction patterns for 
one complete oscillation cycle at Reynolds numbers 250, 600 and 900 
respectively.  The direction of the flow in these photographs is from 
right to left. The jet nozzle, now shown on these photos, is 
immediately adjacent to the right-hand side of these photos.  Dye 
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emanating from the upper and lower lips of the jet nozzle permitted 
visualization of the upper and lower regions of the shear layer and 
the interaction at the wedge.  For a selected Reynolds number, the 
six photos show equal segments of one oscillation, corresponding 
to the times t/T = 0, 1/6, 2/6, ...5/6 where T is the period for 
one complete oscillation cycle. 
Figure 5a illustrates a Stage I oscillation. The photos show 
vortices arising from instability of the shear layer (A type vortex) 
and induced eruption of the viscous layer producing counter-rotating 
vortices (B type vortex).  In this series, the shear layer must make 
two complete cycles of oscillation before the vortex structures shown 
on the photos become repetitious.  One complete cycle of the shear 
layer is indicated by its impingement on the wedge as seen in the 
photos (t/T = 0 and t/T = 1/2). The period T in this series is 
equivalent to (0/6)   and is designated as T(B/6) (see t/T = 3/6). 
This vortex A-B (t/T = 0), having a trajectory perpendicular to the 
wedge, continues to grow as it shoots away from the wedge. The 
second cycle of oscillation, an A"-B" vortex (t/T =0), is shed by 
the wedge. This vortex AM-B" (t/T = 3/6), having a trajectory along 
the surface of the wedge, is swept into the A-B vortex (t/T = k/6) 
and finally the conglomerate A-B and A"-B" is swept downstream. 
Laser measurements indicated a strong 8/3 component but did not 
reveal the subharmonic 3/6 component.  The original A-B or A"-Bn 
vortex combination Is formed at the leading edge. The streaklines 
of Figure 5a suggest that the circulation of the A vortex is greater 
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than the B vortex. After the pairing is completed with an A-B 
and A"-B" vortex, the net circulation appears to be less than that 
of the original vortex pair. This is the consequence of rapid 
development of the B type vortex after its original trajectory has 
carried it away from the viscous layer of the wedge.  Finally, the 
circulation (Powell 1962) of the original vortex pair A-B or A"-B,! 
has a stronger Biot-Savart induction along the shear layer than the 
conglomerate vortex A-B and A"-B".  This explains why the predominant 
component B/3 overshadows the 3/6 subharmonic. 
Figure 5b is a representation of a Stage II oscillation.  The 
incident vortex structures In this series are more mature than those 
corresponding to a Stage I oscillation.  In addition the coalescence 
of vortices has moved upstream towards the interaction region, in 
comparison to a Stage I oscillation.  It is evident from the photos 
that A'-B' (t/T = 0) and A,,l-Bm (t/T = 3/6) arise from the shear 
layer instability and form a counter-rotating pair. These vortices 
are swept beneath, then incorporated into the large scale vortex A 
(t/T = 1/6) and A" (t/T = A/6) respectively, while the entire net- 
work of vortices (i.e. A-B and A'-b1 or A"-B" and Am-Bm) is being 
swept downstream. The period of oscillation T is equivalent to 
(6/3)  ; this corresponds to the rate of formation of large scale 
vortices A, A" and A . These large scale vortices result from every 
third shear layer vortex and they produce substantial upstream 
influence.  The rate of formation of a shear layer vortex of the 
frequency of oscillation of the shear layer is B. The resultant 
interaction at the leading edge from the shear layer also contributes 
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to the upstream influence, which has been verified using LDA and 
spectral analysis. 
Figure 5c is a Stage II oscillation, the vortex interaction 
patterns of this, series are somewhat different from Figure 5b.  Both 
Figures 5b and 5c illustrate that vortex A"-B" (t/T = 1/6 and t/T = 
2/6) structures are identical. Although the following vortex A1"- 
Bm in Figure 5c   (t/T = 2/6) is more mature, it substantially clears 
the leading edge.  But in Figure 5b (t/T = 2/6), vortex B"1 is 
severed by the leading edge. A large portion of the severed vortex, 
indicated by B'" (t/T = 3/6), moves along the upper surface of the 
wedge. Meanwhile a smaller portion of the vortex, not indicated on 
the photo (see t/T = 3/6), is cast, along the lower surface of the 
wedge. Thus, the distinguishing difference between Re = 600 and 
Re = 900 is either two successive vortices are shed by the shear 
layer instabi1ity and reside on one side or successively shed   i 
vortices reside on alternate sides.  In both cases the coalescence 
of vortices, downstream of the leading edge, remains at a frequency 
of 3/3. 
In summary, the low frequency component B/3 exists for both a 
Stage I and Stage II oscillation.  This is due to a continual self- 
adjustment of the vortex structures at the interaction region, with 
an increasing Reynolds number.  in the photos it is observed that as 
the momentum of the jet is increased, the result is a greater 
instability of the jet shear layer. This increased instability is 
made apparent by the appearance of a vortex that is more mature prior 
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to impingement.  The self-adjustment of these structures ultimately 
gives rise to pressure feedback necessary to preserve the 3/3 
component in Stage II. Considering Stage I, the instability of 
the shear layer and the induced eruption of the viscous layer produce 
counter-rotating vortices at 3/3.  The vortex interaction, further 
downstream, results in the subharmonic 3/6. On the other hand, a 
Stage II oscillation, with a most unstable frequency of 3, sheds 
vortices that eventually merge at a frequency 3/3- The frequency 
3/3 is preserved through the self-adjustment of the vortex-edge 
interaction, and continues to have a dominant role in the upstream 
Influence. 
INSTANTANEOUS VELOCITY TRACES 
Figure 6 is an illustration of the velocity fluctuation v 
dependence on time for Re = 250, 600 and 900.  The measurements were 
taken along the centerline at different x/L stations. The normalized 
time traces are composed of dots.  Each dot represents the instant in 
time that a particle passes through the laser measuring volume and 
is recorded by the 1980 counter. 
Consider Re = 250 near the nozzle exit  (see x/L = 0.05 and 0.16); 
the low frequency component 3/3 is predominant.  This component was 
shown in Figure 5a to correspond to the rate of production of A-B 
type vortices at the interaction region and the frequency of 
oscillation of the shear layer. As the x/L value is increased, the 
amplitude of fluctuation is increased (not shown on these normalized 
time traces).  However a careful inspection of the time traces reveals 
that the bandwidth of dots decreases as the x/L value is increased. 
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This Is the result of a decrease in the velocity measurement error, 
as the fluctuation amplitude increases. At increased values of 
x/L (i.e. 0.69, O.96), higher harmonics (20/3 and 3) persist. These 
components result from the nonlinear distortion of fundamental 
frequency component 3/3- 
At Re =600 and small values of x/L, the time traces illustrate 
that the predominant component is 3/3-  Recall that this component 
was visualized downstream of interaction region as large scale 
vortex structures A, A" and A  (see Figure 5b). These structures 
produce, via Biot-savart induction, a significant upstream influence 
at the sensitive region of the jet.  At an increased value of x/L = 
O.69, it is observed that the magnitude of T(3) component has increased 
more rapidly than the T(3/3) component. Thus, the 3/3 component has 
given way to the most unstable component 3.  However, at small values 
of x/L = 0.05 and 0.16, the T(3) component was detectable which was 
due to the upstream influence. 
At Re = 900 the velocity traces indicate similar patterns as 
those observed for Re = 600.  The modulating component 3/3 is 
predominant in the near region of the jet (small values of x/L) ; 3/3 
again corresponds to large scale vortex structures observed downstream 
of the leading edge. At large values of x/L = O.96, the T(3) 
component persists with a magnitude roughly equivalent to T(3/3). 
For both Re = 600 and 900 the well defined patterns can conceptually 
be thought of as the superposition of two velocity traces T(3/3) and 
T(3) with the appropriate phasing. 
The velocity traces and photos demonstrate the self-adjustment 
of the vortex pattern, which ultimately maintains the low frequency 
modulating component 3/3, in Stage II. Additional features that 
differentiate a Stage II from Stage I wi11 be addressed subsequently. 
FREQUENCY JUMPS AND MULTIPLE FREQUENCIES 
Figures 7a and 7b are plots showing Strouhal number versus 
Reynolds number. The concepts of frequency jumps and hysteresis 
effects addressed herein were outlined previously in the Introduction. 
The measurements were taken by positioning the laser measuring 
volume at location x/L = 0.75 along centerline coordinates. The u 
fluctuation components recorded at this station correspond to a 
minimum in the cross-sectional profiles of primary frequency component, 
Each point designates a spectral peak having an amplitude greater 
than 10 percent of the maximum at a selected Reynolds number. The 
hashed regions in Figures 7a and 7b include all points observed by 
Powell (I96*t) for different breadth dimensions.  Powell observed that 
as the breadth of the jet is increased, the Reynolds number must be 
increased slightly to maintain the same frequency.  Figures 7a and 7b 
illustrate (by overlapping hashed regions) that Powell observed an 
upward and downward transition between the Reynolds numbers 390 < Re 
< 480 and 270 < Re < 330 respectively. The transition from Stage I 
to Stage II is not the hysteretic frequency jump of a single pre- 
dominant component.  Rather the transition between Stages is a 
sudden increase from a few predominant frequency components to a 
number of multiple components, all of which are harmonics of the 
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primary component 3.  Also it was observed that both 3/3 and 23/3 
were predominant components in Stage I, while in Stage II the 
components 23/3 and 3 were the predominant components.  These plots 
do not contradict the far field pressure measurements made by Powell 
(1961); rather they are an attempt to clarify the nonlinear 
mechanisms inherent in the jet stream.  It is again emphasized that 
the fluctuating velocity was measured at the minimum of its cross 
sectional velocity profile. Thus, the technique for determining a 
valid component was optimized for components with small amplitudes. 
Up to this point, we have developed and then compared these 
results with the time traces. Then a wide range of Reynolds numbers 
was considered, in the hope of understanding more clearly the transi- 
tion from Stage I to Stage II. The investigation now leads to a 
detailed inquiry into the nonlinear interaction between frequencies 
and the associated disturbance growth rates along the streamwise 
coordinates. 
STREAMWISE INVESTIGATION 
Detailed time-averaged frequency spectra were taken for Re = 250, 
kSO,   600 and 900.  The frequency components were recorded for the v 
fluctuation by traversing the laser along the centerline of the jet. 
The frequency spectrum revealed a number of well-defined frequency 
components; in some cases there were at least seven discrete 
components.  All of these components considered were at least 10 
percent of the maximum component at a given streamwise location. 
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Beginning with Figures 8a and 8b, the streamwise results will now 
be addressed. 
Multiple Frequencies 
Figure 8a is a plot of Strouhal number as a function of stream- 
wise coordinate. The relative amplitude of each frequency component 
is represented by the diameter of the circle. The largest diameter, 
at a selected streamwise position, represents the predominant 
component. The right-hand ordinate shows the relationship between 
a particular frequency component to the most unstable frequency 0. 
At the lowest Reynolds number Re = 250, the 0/3 component is 
the primary component throughout the entire flow region. This 
component corresponds to the rate of A-B vortex formation. The 
secondary harmonics 20/3 and 0 become prevalent when x/L > 0.5. The 
higher harmonics must result from the distortion of the 0/3 component, 
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since 0/3 is the fundamental.  in other words, the higher harmonics 
result from the nonlinear interaction of the shear layer with the 
leading edge. Finally at this Reynolds number, which is obviously 
Stage I, an observation of Figure 7a reveals the same Identical 
components for u fluctuation at x/L = 0.75. 
At a higher Reynolds number value, 0/3 and 0 are predominant 
throughout all streamwise coordinates. The low frequency modulating 
component 0/3 results from downstream vortex interaction (see 
visualization), while the 0 frequency component is the most unstable 
frequency of the jet.  Both these components are self-generated; they 
are an inherent property of the flow field.  Consider Re = 600; the 
five additional frequency components (besides 3/3 and 3) must result 
from nonlinear interaction of 3/3 and 3 components (see Miksad 1973). 
Thus, these five components must be related to the sums and 
differences of 3/3 and 3 components.  In addition, the collective 
contribution of all these components is central to the energy 
transfer process, which is characteristic of "transitional flow". 
Growth Rates of Predominant Frequencies 
Streamwise growth rates for predominant components appear in 
Figure 8b.  In this figure the ordinate and the abscissa are the 
nondimensional v fluctuating amplitude and the nondimensional stream- 
wise coordinate respectively. At the lowest Reynolds number (Re = 
250), the low frequency component 3/3 amplitude is predominant for 
all x values (see Figures 8a and 8b). The amplitude of the first 
harmonic 23/3, which emerges at large x values, shows rapid growth, 
with increasing streamwise coordinates (see Figure 8b).  Both 3/3 
and 23/3 appear in Figure 8a; the respective streamwise growth 
rates are ultimately reflected in the circle diameters. At large 
Reynolds numbers (i.e. Re = ^50, 600 and 900) in the near region of 
the jet, the low frequency modulating component 0/3 amplitude is 
greater than the most unstable frequency 3.  But for increasing x 
values, the amplitude of 3/3 component saturates at nearly a constant 
value.  Simultaneously the 3 component continues an exponential 
growth. What is remarkable about 3/3 component is the secondary 
growth region which occurs further downstream. The final result of 
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3/3 secondary growth is an amplitude almost equivalent to the 3 
component at the leading edge.  In addition to the 3/3 and 3 
component there is also a higher harmonic component 3 + 3/3- The 
amplitude of this component becomes increasingly significant as the 
Reynolds number is increased. This is demonstrated at the largest 
Reynolds number (Re = 900); here the amplitude of 53/3 actually 
exceeds the 3/3 component. 
Comparison of Results with Linear Theory 
In the near region of the jet, it is expected that the 
disturbance growth rates are predictable from linear theory (Bajaj 
and Garg 1977)- The theoretical growth rates shown in Figure 9 are 
based upon Garg's inviscid spatial theory. The spatial theory is 
considered to be the most representative of the flow field.  At 
Re = 250 the theoretical growth rate agrees with experimental data 
for low frequency 3/3.  But for Re > 250 the low frequency 3/3 does 
not grow at its predicted rate; instead it follows closely the 
growth of the 3 component. Thus, the 3/3 component modulates the 
most unstable frequency 3 rather than growing at the independent rate 
predicted by linear theory. 
Growth of 3/3 Component 
Figure 10 illustrates the persistence in shape of streamwise 
growth rates for the low frequency component 3/3.  In this figure, 
all four Reynolds numbers appear; thus Stage I and Stage II are 
represented. The figure illustrates the three distinct regions of 
growth: the initial growth region; disturbance growth region; and 
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secondary growth  region.     The  slope  in  the   initial   growth  region   is 
predictable from  linear  stability  theory.     Also,   the  slope   in  the 
secondary growth  region  can  be  determined,   since   its   slope   is 
parallel   to that   in  the   initial   growth  region.     The  nonlinearity 
near  the wedge disqualifies  the  applicability of   linear stability 
theory   in  the  secondary  growth  region.      In  conclusion  this  can only 
be  considered  a  fortuitous observation. 
The unusual   flatness  and   secondary  growth   (Figure  10)   requires 
a more careful   investigation  to determine  the degree  to which  the 
velocity profile across   the jet  deviates,from  its   initial   shape. 
Figure   11   illustrates   the normalized velocity distribution  across 
the jet  shear   layer for v fluctuation.     The figure   includes  both the 
low  frequency  component   3/3 and  the most  unstable  frequency  3.     In 
Figures   11a and   lib the velocity profiles  near the exit   (small   x) 
are  very similar to each other.     These  profiles  closely  resemble the 
eigenfunction   predicted  from  linear theory   (Mattingly and  Criminale 
1971) ,  which  considered  a   lower  Reynolds  number jet.     However,   for 
increasing values of x,   the  3/3  velocity  profile  begins  to deviate 
from   its original   shape   (x/L =  O.k).     At   larger values of x   (x/L = 
0.6  and x/L ~  0.8)   the   3/3  shows  significant changes   in  shape,  while 
the  contour for  3 component  remains  preserved.     These  remarkable 
alterations   in   the  3/3  profiles   indicate  that centerline measurements 
may  not  be valid   indicators of  the energy  for  regions beyond  the 
initial  growth   region. 
Shown   in  Figure  12 are the growth  rates  for  the   integrated 
00      ft 
kinetic energy E = E~ = /rovz(y)dy. The data points that appear were 
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calculated by numerically Integrating (Simpson's Rule) the velocity 
profile illustrated in Figure 11.  In this figure the trends for the 
3 component conform well with those in Figure 8.  Both growth rates 
indicate a rapid continual exponential growth in energy, with an 
initial energy less than the 3/3 component (in the near region of 
the jet).  In Figure 12 the trend for the 3/3 component does not 
suggest any distortion and secondary growth region.  Rather the 0/3 
component indicates a continual increasing kinetic energy. Thus, 
the centerline measurements for 3/3 is not a valid indicator of the 
kinetic energy trend beyond the initial growth region. 
CONCLUSION 
Near-field velocity measurements revealed as many as seven 
discrete frequency components.  All of these components were at least 
10 percent of the maximum component.  The relative amplitude of these 
components illustrates the energy transfer process as the jet shear 
layer evolves.  All of these components are the result of the non- 
linear distortion of the two primary components.  These two primary 
components are the most unstable frequency of the shear layer 3 and 
the low frequency modulating component 3/3.  These two components are 
inherent to the flow field and interact to produce sum and difference 
frequency components, namely the five additional components. 
At a low Reynolds number, Stage I type oscillation, there exists 
a single predominant frequency component 3/3 in addition to several 
higher harmonics. These harmonic components are due to the nonlinear 
distortion of the oscillating free shear layer. The low frequency 
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component is associated with the vortex production at the leading 
edge. The production of vortices results from the instability of 
the free shear layer and the induced eruption of the viscous layer 
along the wedge. The counter-rotating vortices eventually merge 
further downstream and this results in an additional subharmonic 3/6. 
When the Reynolds number is increased to give a Stage II type 
oscillation, the shear layer becomes increasingly more unstable. 
Vortices resulting from shear layer instability emerge further up- 
stream. These vortices are more mature since they have been given 
more of an opportunity to develop.  The frequency of shedding is no 
longer 3/3, rather it is the most unstable frequency of the shear 
layer.  But the eventual merging of the counter-rotating vortices 
results in large scale structures at a frequency 3/3.  If the Reynolds 
number is further increased, the shear layer will readjust, the 
vortices become increasingly more mature, and the resultant merging 
of vortices moves upstream. This readjustment wi11 ultimately result 
tn a stronger upstream influence.  At the sensitive region of the 
shear layer, the growth of the disturbance is linear, and there are 
two predominant components. The first component 3 corresponds to the 
frequency of shedding, and the second component (3/3 corresponds to 
the rate of formation of large scale vortices. These two components 
eventually interact further downstream and produce the five additional 
components. 
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APPENDIX 
Autocorrelation Algorithm 
This algorithm correlates data from unequal time steps to equal 
time intervals.  The specified time interval At can be selected to 
be as small as the minimum time between data points.  The appropriate 
equation is shown below 
N-n 
E U(iAt) AtD. U(iAt + nAt)tB 
._, o i Bn 
C   (nAt) = -^ r;  
uu N-n 
2 AtDS AtD 
.,  Bi   Bn 
In this equation the velocity U(iAt) is multiplied by the total burst 
time At-, for the i  particle.  This quantity is then multiplied by 
the velocity and burst time nAt later. The expression is then summed 
over i and normalized by the sum of the products of the total burst 
times. 
A computer algorithm and a brief definition of parameters is' 
shown below. A counter j appears in the computer code. This parameter 
j, incremented by the "do 200 loop", corresponds to i in the above 
equation.  The "do 200 loop" is terminated after all possible combi- 
nations of (iAt) and (TAt + nAt) have been considered.  After the 
termination of this loop, the subroutine proceeds to evaluate the 
next coefficient. 
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cm 
Cttt   definition of SITMWUM 
Cttt   burst ■ burst time of ith particle 
Cttt   cuu ■ resulting array autocorrelated 
Cttt   tin* ■ tine in seconds when the ith particle passed through 
Cttt        the measuring volume 
CtjK*   vel • velocity of ith particle 
Cttt   dualI •  specified time interval 
Cttt   n * nuafaer of correlation coefficient 
Cttt   num * total number of particles 
Cttt 
SUBROUTINE AUTO (BURST,aJU,TII*,UEL,DIJElL,N,NUn) 
DIMENSION BURSTCB000), CUUU0B4), ICOUNTC1024) 
DIMENSION TinE(E000), VEU2000) 
DO 100 I ■ I, N 
Bsufi - 0,0 
usun - 0.0 
isun • 0 
DO 200 J * 1, NUM - I 
DO 300 K ■ 1, NUM - 1    ' 
IF((TIPlE<K),LT.(FlOAT(J)-0.S)tDUELL) .OR. 
1  (TltlECIO.GE. (FLOAT(J)+0.S)*DUELL» GO TO 300 
DO 400 L « K + 1, NUM 
IFC(TIME<L).LT.(FLOAT(J+n-0.5)*DUELL) .OR. 
1  (TIME(U.GE.CFLOAT(J+I>+0.5)*DUELL)) GO TO 400 
IF((Tire<L)-TIME(K».LT.(FLOATCI)-0.S)tDUELL .OR, 
1  (TIME(L)-TIME((C)).GE.(FLOAT(l)+0.S)tDUELL> GO TO 400 
USUM - VSUM + UEL«)tUEKL)tBURST(IC)tBURST(L) 
BSUM - BSUM + BURST(K)tBURSTCL) 
ISUM ■ ISUM + 1 
400 CONTINUE 
300 CONTINUE 
200      CONTINUE - 
IF (ISUM .EQ. 0) CUU(I) • 0.0 
IF (ISUM .NE. 0) CUU(I) > USUM/BSUM 
ICOUNT(I) ■ ISUM 
TVPE 1008, I 
1000     FORMAT U0X,' Subroutine AUTO has evaluated the ft '.IS. 
X    '  coefficient ') 
100    CONTINUE 
ISUM - 0 
DO 500 I - 1, N 
IF tlCOUNTU) .GE. ISUM) ISUM - ICOUNTCI) 
500    CONTINUE 
DO 700 I • 1, N 
IF (MOUNT(I)  .EQ. 0) GO TO 600 
CUUCI) - CUUCI)*(FlOAT<ISUM)/Ft.OATCICOUNTCim 
600 CONTINUE 
T ■ DUELUFLOATCI) 
TYPE 1010, CUU(I), T 
1010       FORMAT Cl&X,' coefficient it   ',E15.6, 
1    ' corresponding to time u  ',F10.6.' sac ') 
799 CONTINUE 
RETURN 
END 
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Figure 8a: Multiple frequency components that arise from nonlineartty 
of the 0/3 component at Re = 250 and nonlinear interaction 
between components 3/3 and 3 at Re = A50, 600 and 900. 
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Figure 8b:     Growth  rate of  predominant  frequency components  of v 
fluctuation along  centerline of jet at  Re = 250,   ^50,   600, 
and 900. 
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stream for v fluctuation at Re = 600. 
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